GLOMERULAR FILTRATION

GFR

· Milliliteres of glomerular filtrate formed per min for every kg of body weight

· Forces favouring filtration = glom cap hydrostatic pressure (Pg)

· Forces opposing filtration = plasma oncotic pressure w/in glom caps ((b) and hydrostatic pressure in bowman’s space (Pt)

· Lg proportion of fluid component of plasma id forced across cap wall, whereas plasma pr are retained in cap lumen; plasma oncotic pressure increases along cap bed. At same time, loss of plasma volume deceases hydrostatic pressure in cap (small change) – all resulting in a decrease in net filtration along the cap bed

· GFR = permeability of filtration barrier x surface area avialable x mean net filtration rate (P)

· Ultrafiltration coefficient K = permeability of filtration barrier x surface area avialable

· GFR = K x P

Blood flow

· From renal artery to afferent arteriole to glom capillaries – caps form efferent arteriole which conducts the blood away from glom to be returned to systemic circulation thru renal vien

Glomerulus

· Glom tuft – network of caps encased in layer of epithelial cells = Bowman’s capsule

· Area btw b.c. and tuft = Bowman’s space; site of collection of glom filtrate which will be funneled to 1st segment of prox tubule

· Wall of glom caps:

· 3 layers: cap endothelium, bm, and visceral endothelium

· cap endo: single layer of cells with fenestrae – channels for passage of h2o and noncellular components from blood to 2nd layer

· bm: acellular structure made of glycopr (type IV & V collagen, proteoglycans, etc)

· 3 layers

· lamina densa: dark, tightly packed glycopr fibrils, sandwiched btw lamina rara interna (on endo side of glom bm) and lamina rar externa (on epi side of glom bm)

· both lamina rarae: loose network of glycopr fibrils

· visceral epithelium: layer of interlocking cells called Podocytes – w/ long narrow extensions (primary and secondary foot processes) that wrap around caps

Filtration Barrier

· selectively permeable

· leads to differences in filtration rate of bl components

· all cellular components and plasma pr the size of albumin and larger are retained within bl

· water and solutes are freely filtered

· net electrical charge effect filtration rate - +ve substances are more freely filtered – thought to be caused by the –vely charged residues of glycopr incorporated in the glom bm and coating the endo and epi cells. The fixed –ve chareges repel –vely charges plasma pr and reduce passage across filt barrier

· shape and deformability also play role in ability to cross filt barrier

Moderation of GFR by intrinsic and systemic factors

· kidney maintains constant GFR regardless of changes in systemic bl pressures and renal blood flow (RBF)

· GFR maintained by renal modulation of sys bl pressure and intravascular volume and by intrinsic control of renal blood flow, glom cap pressure, and K

· Humoral factors – renin-angiotensin-aldosterone system

· Renin produced by special cells in afferent arteriole = granular extraglomerular mesangial cells which are specialized juxtaglomerular cells

· Renin release stimulated by dec in renal perfusion pressure (caused by systemic hypotension)

· Renin catalyzes transformation of angiotensinogen (produced by liver) to angiotensin I

· Angio I converted to more active form angio II by angiotensin-converting-enzyme primarly in lung but also present in vascular endothelium of kidneys

· Angio II is potent vasoconstrictor to directly increase sys blood pressure and renal perfusion pressure

· Angio II stimulated release of mineralocorticoid aldosterone from adrenal gland and release of vasopressin from pituitary

· In collecting duct, aldosterone inc Na and h2o reabsorption; vasopressin inc urea and h2o reabsorption – results in inc intravasular volume and thereby renal perfusion

· Negative feedback – renin release is suppressed by both increase in renal perfusion and plasma angio II levels

· Angio II also stim production/release of 2 vasodilative renal prostaglandins: E2 and I2

· These vasodilators counteract the vasoconstrictive effect of angio II on intrarenal vasculature to help maintain renal vascular resistance (need blood vessels in the kidney itself to remain normal)

· 2 methods of intrinsic control

· Myogenic Response

· Glom arterioles respond to changes in arteriolar wall tension

· Almost immediate arteriolar const after an inc in arterial wall tension and same with dilation

· Arteriolar dilation decreases resistance to blood flow; arteriolar constriction increases resistance to blood flow in afferent arteriole

· Maintain constant GFR and RBF despite changes at renal artery

· Independent of innervation – may be d/t chemical mediators such as NO

· Tubuloglomerular feedback

· Distal tubule is closely associated with glom of same nephron

· Anatomically distinct cluster of epi cells = macula densa located in distal portion of thick ascending limb of LoH – situated btw afferent and efferent art and adjacent to extraglom mesangial region = juxataglomerular apparatus

· Increase in tubular flow at the md results in a decrease in the filtration rate of the glom of that nephron – avoid exceeding the capacity of the tubule to reabsorb fluid and solute thus prevent fluid/solute loss

· The endothelium contributes to local control of renal vascular tone by producing potent vasoconst and vasodil

· Ie potent vasoconst endothelin thromboxane A2 and angiotensin II

· Ie vasodil NO, prostaglandin I2/E2

· Systemic control d/t hrms that regulate blood volume – aldosterone and vasopressin secretion increase h2o and solute reabsorption; atrial natriuretic peptide (hrm produced in cardiac atria) causes natriuresis (Na wasting) and diuresis (h2o wasting) therefore reduces blood vol

· Systemic factors that affect vessel tone also affect systemic bl pressure, renal perfusion, and ultrafiltration

· Vasopressin and circulating catecholamines cause sys vasoconst and inc bl pressre

· Beta adrenergic stim can activate RAAS cause renal vasoconst to reduce RBF

· Alpha adrenergic stim can cause renal vasoconst to reduce RBF

· Vasoconstr can also decrease K – contraction of cells w/in glom will reduce surface area

· Insulin-like growth factor and high dietary pr can increase GFR

Measuring GFR using clearance rate

· Clearence = rate at which the plasma is cleared of a substance

· C = ([substance in urine] x volume of urine) / [substance in plasma]

· Total rate of C = sum of rates of filtration and secretion – rate of reabsorption; in order to measure we need to get rid of secretion and reabsorption

· Inulin is a substance which is neither secreted nor reabsorbed  by renal tubular cells and is freely filtered in glom

· Clinically, use creatinine (muscle byproduct) is freely filtered and is not reabsorbed by tubule and at least in the dog not secreted (some species ~10% of excreted creatinine is secreted by tubule – keep this in mind when measuring , also tests vary

SOLUTE REABSORPTION

Fractional Excretion/reabsorption Rates

· Fractional excretion rate = % of a filtered substance that is ultimately excreted in urine; net result of tubular reabs and sec

· FEx = (Ux/Px) / (Ucreatinine/Pcreat)

· Fractional reabsorption rate = proportion of filtered x that is reabsorbed by the tubule

· FRx = 1 – FEx

Proximal tubule is responsible for reabsorption of bulk of filtered solutes

· 60% of most filtered substances are reabs before tubular fluid leaves prox tubule
· two pathways for movement of fluid: transcellular and paracellular
· Trans – requires carrier molecules; large surface area for transport d/t brush border made of microvilli on apical mem; basolateral mem with complex infoldings to inc S.A.
· Para – move across zonula occludens (highly permeable) into lateral intercellular space; para transport occurs by passive diffusion or by solvent drag (entrainment of solute by the flow of water)
· Mov’t of water and solute from interstitial fluid into the blood stream is favoured by the location of the peritubular cap and is driven by Starling’s forces
· Peritubular cap originates at the glom efferent arteriole, subdivided and wraps closely around the basal aspect of the prox tubule
· Plasma leaving glom has high oncotic pressure as a result of the selective filtration of water/salts and retention of pr within cap lumen
· Low resistance in peritubular cap leads to low hydrostatic pressure
· The low hydrostatic pressure and high peritub plasma oncotic pressure favor mov’t of fluid and solute from interstitium into blood stream
· Na/K ATPase pump at basolateral plasma mem is driving force for transport of solutes
· 3 Na into interstitial fluid and uptake of 2 K ions into cell – leads to electrochemical gradient 

· subsequent outflow of K into filtrate d/t K channels at apical mem leads to polarization of cell (more negative cell – pulls in more Na)
· Secondary active transport see coupled with the mov’t of Na: glucose, aa, phosphate, sulfate, organic anions
· Reabs of bicarb by prox tubule is driven by Na gradient indirectly
· Na/H exchanger at apical mem driven by Na gradient
· Secreted H combines in tubular fluid with bicard to form water and CO2 d/t enzyme carbonic anhydrase in apical plasma mem of prox tubular cells
· CO2 diffuses passively across a.m. into cell where cytoplasmic CA catalyzes hydroxylation of CO2 with OH donated from water resulting in formation of H and HCO3 w/in cell
· HCO3 moves across bl mem and back into blood though Na/3-HCO3 cotransporter as well as HCO3/Cl antiporter
· H is transported into tubular fluid through Na/H antiporter to complete cycle
· Prox tubule reabs 60%-85% of filtered HCO3
· Passive reabs of Cl in prox tubule indirectly powered by Na/K ATPase

· As all other solutes are being selectively reabs and water is taken up along with them, the [Cl] increases making a chemical gradient for Cl mov’t towards the blood side of the tubule

· In the early prox tub selective uptake of Na exceeds that of anions, resulting in net transfer of +ve charge to blood side – thus electrical gradient favours reabs of Cl

· As we move distally down the prox tubule the solutes that are coupled with Na mov’t are depleted

· Electrically neutral uptake of NaCl and passive reabs thru paracellular means occur

· As Cl is moving from urine side to blood side it attracts Na and takes it with it

· K and Ca reabs are believed to happen by means of passive mechanisms; solvent drag and passive diffusion

Proximal Tubule secretes Organic Ions

· Endogenous waste products and exogenous drugs and toxins filtered from blood side to urine side

· Bile salts, oxalate, urate, creatinine, prostaglandins, epinephrine and hippurates

· Antibiotics such as penicillin G, trimethoprim; diuretics etc

· Many of these substances are pr-bound in plasma, they are poorly filtered in glom

· Applications: urine drug testing, tubular secretion of Abs, secretion of diuretics to site of action in thick ascending limb of LoH

Distal Tubule segments reabsorb salts and dilute tubule fluid

· Prox tubule (BB, many mitochondria, infolding on bl mem) changes to low epithelium with few mito, and few membranous infoldings – no active transport of molecules in the thin limb LoH, only passive diffusion d/t permeability

· Thick limb with tall epithelium with many mito and infoldings b/c of need d/t active transport fn

· Distal convoluted tubule (DCT) with even taller epi and dense array of mito

· Distal tubule segments (thick ascending limb, DCT) reabs Na, K, Cl, Ca and Mg – reabs against high conc gradient – more than 90% reabs

· Salt reabs driven by Na/K ATPase at bl mem – DCT with highest Na/K ATPase activity

· In thick ascending limb – it drives a Na/K/2Cl cotransporter at apical mem

· Cl moves down conc gradient – Cl channels at bl mem

· K moves extracellularly down conc gradient thru K channels at ap mem

· Cl absor and K secretion leads to lumen-postive voltage leading to lumen-to-blood electical gradient for cations that then diffuse into interstitial fluid thru paracellular pathways

· This cotrans is inhibited by loop diuretics (ie furosemide)

· DCT and connecting segment with NaCl cotransporter and Na channels at ap mem to permit movt of Na from tubular fluid down chemical gradient (d/t Na/K ATPase at bl mem)

· The Cl moves into interstitium via bl Cl channels driven by electrical gradient

· This NaCl cotrans is inhibited by thiazide diuretics

· Both thick ascending limb and DCT are impermeable to water – ‘diluting segments’

The collecting duct reabsorbs NaCl and can secrete or reabsorb K

· Many cells types make up connecting segment

· Initial collecting tubules converge and empty into collecting duct, which descends thru cortex and medulla to papillary tip where urine discharges into renal pelvis

· Thruout collecting duct system 2 cells types occur: principal cells and intercalated cells

· Principal cell does NaCl reabs in collecting duct

· Extensive bl infoldings with Na/K ATPase to drive the movt of Na and Cl

· The raising [K] in the cell exits down conc grad via K channels at ap and bl mem

· Net K secretion occurs b/c ap channels are more permeable, and lumen-negative electrical potential favours K secretion

· Intercalated cells appear responsible for K reabs in collecting duct

· K ions actively transported from cyto at ap mem in exchange for H ions

Distal tubule and collecting duct respond to systemic signals to alter salt excretion 

· In prox tubule solutes/water filtered regardless of animal’s physiological state

· Distal tubule and collecting duct control rate of excretion in order to maintain homeostasis

· Several hormones (aldosterone, atrial natriuretic peptide, antidiuretic hrm, parathyoid hrm, vitamin D3 and calcitonin) alter secretion/reabs 

· Antidiuretic hrm enhances Na reabs in thich limb

· ANP enhances Na excretion in distal tubules and collecting ducts by inhibiting aldosterone release and also by direct effects on collecting ducts

Aldosterone enhances Na reabsorption and K secretion

· Aldosterone is a mineralocorticoid hrm secreted by adrenal cortex
· Release is stimulated by systemic hypotension thru RAAS and acts on connecting segment cells and principal cells of collecting duct to enhance Na reabs in turn to enhance water reabs in order to correct the perceived volume depletion
· It increase the permeability at ap mem Na channels and stim Na/K ATPase activity (inc Na reabs)
· Chronic stimulation even causes structural adaptation in these cells; proliferation of bl mem where Na/K ATPase resides
· Release also stimulated by hyperkalemia (elevated K)
· Acute effect of aldosterone on K is to enhance its entry into aldosterone responsive cells by stimulation of Na/K ATPase activity, which lowers serum K levels (w/ little affect on renal K excretion) – immediate affect is redistribution of K from extra to intracellular compartments
· Chronic aldosterone stim of connecting segment cells and principal cells increases the number of K channels at ap mem to increase apical K permeability enhancing secretion of intracellular K – renal elimination is augmented
Ca is reabsorbed in the distal nephron and connecting segment; Ca reabsorption is regulated by parathyroid hormone, Vitamin D3 and calcitonin

· 65% of Ca reabs in prox tubule; paracellular and passive driven by electrical/chemical gradients

· 20% filtered in thick limb; passive, paracellular, driven by electrochemical gradient and by active, transcellular transport

· DCT and connecting duct reabs 10% by active transcellular

· Bl mem of cells in DCT with Ca ATPase pump, actively extrude Ca into interstitium

· Ca also transported at bl mem by Na/Ca antiport – and Ca can leave cell by ap mem Ca channels, facilitated by Ca-binding pr, Calbindin

· 1% reabs in collecting ducts; mechanism unknown

· Hypocalcemia (low plasma Ca) stimulates parathyroid hrm to raise plasma Ca levels

· Parathy hrm believed to increase permeability of ap mem of thick limb, DCT and connecting ducts, stimulating activity of ap Ca channels

· Parathy hrm at DCT increases Cl conductance at bl mem to hyperpolarize cell and increase driving force for Ca entry

· Hormone vitamin D3 converted to active form in prox convulted tubules stimulated by parathy hrm

· Receptors for D3 located at distal tubule

· There it increases the cellular content of calbindin to enhance Ca reabs in DCT

· Calcitonin reduced serum Ca conc 

· Shown to increase Ca reabs in thick limb, DCT, and connecting ducts; believed that it hyperpolarizes cells to enhance Ca entry from tubular fluid

· On prox tubule it stimulated synthesis of Vit D3

WATER REABSORPTION

The proximal tubule reabsorbs more than 60% of filtered water

· Prox tubule responsible for majority of ultrafiltrate – solutes retrieved in this segment by active and passive means

· Na/K ATPase drives the reabs; Na actively pumped into interstitium; Na and other solutes removed from tubular fluid by secondary transport; Cl diffuses passively from tubular fluid to intercellular space

· The reabs of these solutes dilutes the tubular fluid – creating slight gradient for the mov’t of water out of the fluid and following the solutes into the intercellular spaces

· The high oncotic pressure and low hydrostatic pressure of the peritubular caps favors the mov’t of water and solutes from the interstitial fluid to the blood

· B/c water reabsorbed is nearly isotonic with salt reabsorption there is little change in the osmolality of the tubule fluid btw the Bowman’s space and beginning of thin descending limb of LoH

The hypertonic medullary interstitium allows the formation of concentrated urine

· Urine in terrestrial mammals has a conc well above the osm of plasma
· Formation of concentrated urine d/t:

· Generation of a hypertonic medullary interstitium

· Enhanced water permeability in the collecting duct in the presence of ADH

The juxtamedullary nephrons extend deep into the inner medulla

· Two subdivisions of the nephrons in the kidney: superficial and juxtamedullary nephrons

· Superficial with short LoH that extend only into the inner stripe of the outer medulla

· JM nephrons have long LoH that extend deep into the inner medulla – are responsible for the ability to concentrate urine

Medullary hypertonicity depends on solute reabsorption by the medullary thick ascending limb and collectiong duct

· Thick limb actively takes up NaCl but is impermeable to water – it takes up salt relatively free of water and raises the osm of the interstitial fluid, creating medullary interstitial hypertonicity and an osmotic gradient
· Inner medullary collecting ducts (IMCD) also actively reabs NaCl
· IMCD more important role in contribution to the medullary hypertonicity by the reabs or urea
· The terminal portion of IMCD is highly permeable to urea b/c of the presence of carrier-mediated passive urea transport
· Urea permeability at terminal IMCD is enhanced by ADH – it enhances the transport (therefore urea is conserved in the tubular fluid until it reaches terminal IMCD deep in medulla)
· When conditions demand enhanced water conservation urea absorption is enhanced
· Increased urea uptake enhances osmotic gradient for water uptake
· B/c thin limb are permeable to urea, and the segment btw the thin limb and terminal IMCD are impermeable to urea – the urea is recycled back into the IMCD
The countercurrent mechanism increases medullary interstitial osmolality with little energy expenditure

· Amplification of the medullary hypertonicity initiated by the active reabs of solutes by the thick ascending limb and the medullary collecting ducts

· Minimal energy spent b/c:

· The anatomic arrangement of the thin limbs of LoH and the vasa recta (the long U-shaped vessels arising from efferent glom arterioles of juxtamedullary nephrons and supply the renal medulla)

· The differential water and salt permeabilities of the descending and ascending limbs

· The thin limbs in JM nephrons extend deep into inner medulla

· Descending and ascending limbs meet at the ‘hairpin’ – therefore they are parallel and run in opposite direction

· A similar arrangement in the vasa recta

· This arrangement allows for energy conservation similar to heat exchanger in arctic animals

· Tubular fluid entering thin limb is isosmotic to plasma

· Surrounding interstitial fluid is hyperosmotic because of active reabs of Na by water-impermeable thick ascending limb

· Therefore, gradient for water and solutes is made btw tubule and interstitial fluid

· B/c descending thin limb is permeable to water, but not to salt, the tubule fluid rapidly equilibrates with interstitial fluid by mov’t of water into interstitium and osmolality of tubule fluid rises

· Osmolatity of medullary interst fluid is progressively higher in the deeper regions of the medulla

· As water permeable descending thin limb reaches higher and higher osmol – the tubule continues to equilibrate by diffusion of water into interst and osm of the tubule fluid progressively rises until it reaches its max concentration at the hairpin

· Thin limb begins to ascend thru regions of progressively lower interst osm and it will equilibriate with interst fluid

· However, ascending is impermeable to water and permeable to solutes – therefore, it equalized d/t mov’t of NaCl from tub fluid to interst fluid – such that osm of tub fluid decreases and interst fluid osm increases

· At transition of ascending thin limb to thick ascending tub fluid is only moderately hypertonic

· Therefore, by passive means the thin limbs have reabs water and salt

Countercurrent exchange in the vasa recta results in the removal of water from the medullary interstitium without reducing medullary  interstitial hypertonicity

· Vasa recta must remove the reabs water from the interstitium to prevent swelling

· Walls of VR are permeable to water and salts

· Relatively high plasma oncotic pressure in VR entering medulla favors mov’t of water into cap lumen and NaCl is retained with water

· As vessels descend in inner medulla, plasma osm equilibrates with interst fluid by passive diffusion, rising as it nears the hairpin turn and falling as it ascends out of the medulla

· Two reasons there has been a net mov’t of fluid into the cap:

· Plasma oncotic pressure has fallen

· Blood flow in the ascending VR is 2x that in the descending VR

Active NaCl reabsorption is the thick ascending limb and the distal convoluted tubule permits the formation of dilute urine

· Thick limb and DCT actively reabs Na and drive Cl reabs secondarily – these segments are impermeable to water – therefore, progressive decline in osm of tub fluid – these segments called ‘diluting segments’ – result is tub fluid going to collecting ducts is hypotonic (regardless of physio state)

The collecting duct responds to antidiuretic hormone to determine the final urine osmolality

· Permeability characteristics of CD under the influence of ADH determine osm of excreted urine

· In water overload – no ADH – CD is impermeable to water – tub fluid delivered to DCT remains hypo b/c water is retained – dilute urine formed – excess water excreted to maintain normal plasma osm

· In perceived dehydration or volume depletion – ADH released from pituitary (other stimuli that lower BP and cause ADH release include: vomiting, diarrhea, hemorrage, systemic vasodilation and heart failure)

· ADH increases water permeability in CD

· With no ADH – aquaporin 2 (water channel) is contained in cytoplasmic vesicles in apical region of ADH-responsive cells; principal cells and cells of IMCD

· ADH secretion stimulates insertion of A2 into apical plasma mem and water freely crosses – aquaporin 3 are believed to be at the bl mem

· Nephrogenic diabetes insipidus – renal unresponsiveness to ADH (d/t deficiency of aquaporins or abnormalities)

· Structural changes have been noted in apical mem cells in presence of ADH (swelling d/t fluid intake)

Cells in the inner medulla adapt to interstitial hyperosmolality by accumulation of organic osmolytes

· Cells in inner medulla acculumate organic osmolytes that maintain the intracellular osmotic pressure and prevent cell shrinking w/out marked increases in the concentration of intracellular electrolytes

· Sorbitol, betaine, inositol, glycerolphosphorylcholine

ACID-BASE HOMEOSTASIS

Hemoglobin and bicarbonate are the most important blood buffers

· Hb is good blood buffer b/c there is a lot of it and the imidazole residues of globin histidine have a pka close to that of blood

· Deoxy-Hb has a pka closer to blood than oxy-Hb making it a better buffer

· When arterial blood enters the tissue caps, O2 leaves Hb so the resulting deoxy-Hb is a good buffer for H ions produced when CO2 is added to blood

· Plasma proteins provide a good buffering system

· HPO4/H2PO4 is a good buffering system in the kidneys – where phosphate is concentrated

· The bicarb/carbonic acid buffer’s pka is low at 6.1 – but it is a good buffer b/c:

· There is a large amt of bicarb in the blood – readily available for buffering

· Kidneys can regulate the [HCO3]

· Lungs can regulate [H2CO3]

· B/c salt and acid concentrations can be regulated it is an ‘open system’

· Concentration of carbonic acid in soln is directly proportional to CO2

· 1 molecule of H2CO3 = 340 molecules of CO2

· [H2CO3] = 0.03 x [PCO2]

· H-H eqn: pH = pK + log [HCO3] / [0.03 x PCO2]

· Normal blood pH = 7.4

· Normal [HCO3] = 24 mEq/L

· Normal arterial CO2 tension (PCO2) = 40 mmHg

· Normal blood pH requires a [HCO3]/[0.03PCO2] = 20:1

Intracellular buffering is provided by proteins and organic phosphates

· Intracellular buffers w/in tissues, other than blood, provide another large reserve of buffering capacity

· To enter cells, H must be exchanges with other cations, such as Na or K – once inside cell, H is buffered by amino acids, peptides, proteins and organic phosphates (w/ 5x buffering capacity of extracellular fluid)

The first defense against a change in blood pH is provided by the blood buffers, but it is the lungs and the kidneys that must ultimately correct the hydrogen ion load

· Buffers only prevent drastic changes in pH – they can’t correct the problem by increasing/decreasing levels of H ions or replace lost buffering capacity

· Changes in pH must be corrected by changes in respiration or renal fn

· Lungs can alter PCO2 and kidneys can change HCO3

Changes in ventilation can rapidly change PCO2 and therefore alter the pH

· When blood flows thru tissues, CO2 diffuses into plasma/RBCs there carbonic acid forms and dissociated into H and bicarb ions:

· H2O + CO2 -> H2CO3 -> H + HCO3

· B/c initial conc of bicarb is greater than that of Car acid the relative increase in car acid is greater – so, [HCO3]/[H2CO3] ratio decreases – and so does pH

· In the lungs the CO2 leaves, and pH increases again

· Therefore venous blood is more acidic than arterial blood

· Normally lungs eliminate CO2 as quickly as it is being made – PCO2 and pH of arterial blood remain constant

· Lungs can cause rapid changes in blood pH by inc/dec ventilation (elimination of CO2)

· V increases in relation to CO2 production (hyperventilation)– PCO2 dec – ratio inc – pH increases

· V dec (hypoventilation) – PCO2 inc – ratio dec – pH dec

Metabolic production of fixed acids requires that the kidneys eliminate hydrogen ions and conserve bicarbonate

· When fixed acids are added to blood (ie pr metabolism etc) they require the buffering capacity of HCO3 – to produce CO2 that can be eliminated in the lungs – therefore continual regeneration of HCO3 from kidneys is required

· Amt of HCO3 reabs depends on amt filtered, which is determined by the plasma conc of HCO3, GFR, and rate of H ion secretion by renal tubular cells

· Governed by H2O + CO2 -> H2CO3 -> H + HCO3

· If PCO2 inc – inc H production – HCO3 returned to blood

· If PCO2 dec – H ion elimination – HCO3 reabs decreases

· Ammonia is a buffer in distal renal tubule 

· Produced by action of glutaminase on glutamine

· In acidosis – inc activity of glutaminase – inc ammonia production – inc buffering capacity – inc ability to eliminate H ions

Acid-base abnormalities accompany many diseases, and the restoration of normal blood pH should be a consideration in the treatment of disease

· Primary problems are excessive accumulation or elimination of CO2 (respiratory abnormalities) or excessive accumulation or elimination of fixed acids (metabolic abnormalities)

Respiratory acidosis is caused by the accumulation of CO2, which decreases blood pH

· Resp acidosis is caused by alveolar hypoventilation – CO2 is incompletely eliminated by lungs – causing blood PCO2 to increase

· Inc CO2 – inc H and blood pH decreases

· In the blood, other nonbicarb buffers take up H

· When Hb buffering the increase in H – it causes the reaction to drive towards the right – increases HCO3 levels (but still not enough to bring the ratio back to normal)

· Acute resp acidosis:

· Inc PCO2

· Dec pH

· Minor inc HCO3

· Total buffer base w/ no change (b/c accumulation of HCO3 is accompanied by an same decrease in the conc of other buffers such as Hb) – therefore no base deficit or excess

· Compensation – all renal:

· The inc PCO2 and dec pH will inc H and NH3 production in kidney – this inc the elimination of H in urine and generation of new HCO3 – so the plasma conc of HCO3 increases

· The ratio and pH are adjusted toward normal

· Newly generated HCO3 adds to total buffer base – base excess

Respiratory alkalosis is caused by the loss of carbon dioxide, which increases blood pH

· Resp alkalosis caused by alvelolar hyperventilation – results from stimulation of chemoreceptors by hypoxia etc

· CO2 eliminated faster than produced by the tissues – leads to dec in PCO2

· As CO2 is eliminated – H2CO3 is formed from H and HCO3 – increase in pH and conc of HCO3 decreases

· H ion supply from nonbicarb buffers (ie Hb)

· Net result is PCO2 decreases, pH increases, [HCO3] decreases and is replaced by other buffers – no change in total buffer base

· The increase in the [HCO3]/[H2CO3] ratio leads to increase in pH

· In order to compensate:

· Hyperventilation must be stopped

· Kidneys must eliminate HCO3 (low PCO2 and alkalosis reduce H and NH3 production by kidneys – when H is not produced in sufficient amts to capture all the filtered HCO3, it spills out into the urine)

Metabolic acidosis is caused by the accumulation of fixed acids or the loss of buffer base, which decrease blood pH

· During metabolism there is continual production of fixed acids – increase in their production or failure to eliminate H ions leads to meta acidosis

· Increases production of fixed acids d/t protein catabolism or ketone production during starvation, or as a result of anaerobic meta that leads to lactic acids. Diarrhea can be a cause (excessive loss of HCO3 in feces). In ruminants, feeding too much CHOs can lead to rumen acidosis

· Increase in H in blood is combined with HCO3 and other buffers

· CO2 produced by combo of H and HCO3 is lost in lungs

· Loss of buffer base – base deficit

· HCO3 decrease – dec [HCO3]/[H2CO3] ratio – pH decreases

· Compensation:

· The pH dec stimulated ventilation

· Elimination of CO2 – leading to dec PCO2 to ultimately adjust the [HCO3]/[H2CO3] ratio and pH toward normal

· Complete restoration of normal A/B balance requires generation of depleted base by kidney

· Metabolic alkalosis is caused by the excessive elimination of hydrogen ions or by the intake of base, such as bicarbonate, which increases blood pH

· Most common cause is vomitting (H-rich stomach contents are lost)

· Torsion or dilation of abomasum

· Low levels of K in blood (hypokalemia) – when extracellular K levels are too low, K moves from intracellular to extracellular fluid and is replaced in part by H ion that are lost from the plasma. H ions are then lost in the urine (rather than K)

· Loss of H frees up the buffers, so plasma conc of HCO3 and total buffer base increases

· [HCO3]/[H2CO3] ratio, pH, and base excess all increase

· increase in pH leads to decrease ventilation – PCO2 increases to adjust ratio toward normal

· Respiratory compensations for acid-base abnormalities occur rapidly; renal compensations occur over several hours

· B/c chemoreceptors respond almost immediately to changes in blood pH, and b/c changes in ventilation rapidly change PCO2 – resp compensation for metabolic problems occurs immediately.

· Response of the kidneys to resp problems is less rapid and changes in NH3 and HCO3 production occurs of 24 hour period

· As compensatory mechanisms change the pH towards normal there is less of a signal for such mechanisms – it is rare for these mechanisms alone to return the pH to normal

· Hydrogen and potassium ions are interrelated in acid-base homeostasis

· Lack of intracellular K causes mov’t of H into cell – making blood more alkaline

· In kidney, lack of K for secretion if made up by the H ions – so urine can be more acidic when blood is alkaline

· When there is excess H in blood (ie metabolic acidosis) – H ions replace K in the cells – K that spills into extracellular space can be fatal (hyperkalemia) if it were not lost thru the kidneys.

· When acidosis is corrected H ions must leave the cell and be replaced by the extracellular K

· The intracellular depletion may be greater than what the extracellular pool of K can provide – and may need to supplement K to patient

· Anion gap: in the blood, total cation (Na, K, Mg, Ca) = total anion (HCO3, Cl)

· Usually cations exceed total anions

· Gap results in presence of unaccounted for anions from fixed acids (lactate).

· Meta acidosis: the anion gap b/c of increased production of fixed acids

RENAL ACID-BASE BALANCE
· The kidneys excrete acid by tubule secretion of hydrogen ions

· In prox tubule and collecting duct – H can be excreted by kidneys

· Prox tubule: bulk of acid secretion

· Collecting duct: control of net acid excretion and final urine pH

· Acid excreted by the renal tubules is achieved by acid secretion and buffering in the tubule fluid

· Activity of enzymes and transporters to promote transport of H from epithelial cells into the tubule fluid; presence of buffering to minimize increases in H conc in the tub fluid

· Three transporters for H mov’t: Na/H exchanger; H ATPase pump; H/K ATPase pump

· Na/H antiporter:

· Exchanges intraluminal Na for intracellular H; driven by gradient for Na by bl mem Na/K ATPase pump

· This is main route for H secretion in prox tub

· H ATPase pump:

·  is an electrogenic pump, actively transports intracellular H across ap mem and contributes a net positive charge to the tub fluid

· mainly responsible in the collecting duct (along with H/K ATPase)

· H/K ATPase pump:

· Similar to gastric pump

· Actively secretes acid by the electrically neutral exchange of intracellular H for K in the tub fluid

· May have some role in collecting duct

· Buffers in the tub fluid – accept the secreted H and minimize the decrease in pH

· In mammals most important buffers: bicarbonate and phosphate

· In prox tub, bicarb is more important intraluminal buffer for two reasons:

· Although large amts of bicarb are reabs in the prox tub, it is proportional to the amt of water reabs – and bicarb conc remains constant and similar to glom filtrate

· Under the influence of ap plasma mem-associated carbonic anhydrase, secreted H combines with luminal HCO3 to form water and CO2 and accumulation of H is averted

· Filtered phosphate w/ buffering capacity

· Secreted H titrates HPO4 to form H2PO4 – this titrated form is a charged molecule, it is lipid insoluble and in absence of transporter it does not diffuse across epithelium

· Secreted acid is therefore retained in tub fluid

· The kidneys generate and excrete ammonium ion

· In prox tub – the aa glutamine is metabolized to produce NH4 (ammonium) – process called ammoniagenesis

· NH4 formed in cells enters the tub fluid thru secondary transport by substitution for H on the Na/H exchanger

· Other products of glutamine meta are metabolized to produce new bicarbonate anions

· Net result of renal generation and excretion of NH4: acid excretion and bicarb production

· Renal ammoniagenesis enhanced by acidosis – important response to an increase in acid load

· In thick ascending limb:

· NH4 in lumen is reabs by substitution for K on the Na/K/2Cl cotransporter

· NH4 reabs in this segment with 2 effects:

· Results in accumulation of ammonia (NH3) and NH4 in medullary interst

· Prevents NH4 in the tub fluid from reaching cortical distal nephron segments – where it would be reabs into blood and converted in liver to urea and H

· Accumulation of NH3 and NH4 in medullary interst enhanced by countercurrent system in LoH

· Steep conc gradient for NH3 which favors its mov’t into medullary collecting ducts

· NH3 diffuses across pl mem and into lumina fluid – combines with H to form NH4 – now lipid insoluble and trapped in lumen

· This lowers the conc of both NH3 and H in tub fluid – leading to maintenance of favorable gradient for the mov’t of NH3 into lumen and reduces magnitude of the electochemical gradient for H that is created by active proton secretion in collecting duct

· The Proximal tubule has a high capacity for H secretion and HCO3 reasborption

· Recall: in prox tubule, HCO3 is transported across bl mem and reabs into blood – while H is transported into lumen (H/Na antiporter)

· Although prox tub has great capacity for HCO3 reabs (and H secretion) it can’t maintain a large pH gradient across ap mem

· Net secretion of H in this segment – depends on presence of intraluminal buffers (primarily HCO3) to combine with H and maintain [H] at constant level

· Therefore, although lots of H secretion in prox tub – pH remains rather constant and similar to glom filtrate

· The collecting duct determines the final urine pH

· Rate of acid secretion by CD determines final urine pH and net acid excretion of kidney

· The segments btw prox tub and CD w/ little capacity for acid secretion

· So when tub fluid reaches connecting segment it has [H] similar to glom filtrate

· The collecting duct can secrete protons and generate acidic urine

· CD w/ low capacity for H secretion – but can generate steep [H] gradient

· Specialized group of cells: intercalated cells rich in carbonic anhydrase first appear at connecting segment

· In intercalated cells:

· Water combines with CO2 to form intracellular H and HCO3 (CA)

· H is secreted into lumen by electrogenic proton pump H ATPase or by electrically neutral H/K ATPase pump – both present at ap mem of intercalated cells

· HCO3 transported across bl mem to blood side by Cl/HCO3 exchanger

· These cells can alter rate of H secretion by altering the # of proton pump at ap mem – by inserting or removal of proton pump-containing mem vesicles and results in conformational changes that reflect physio response

· The Cl/HCO3 exchanger is translocated from intracellular compartments to bl mem in acidosis

· The activity of the H/K ATPase pump is enhanced by hypokalemia – and in it the H/K ATPase contribution of acidification is augmented

· ADH  - also enhances  acidification in the collecting duct – the increase H d/t increase in # of proton transporters at ap mem of intercalated cells

· Terminal segments of collecting duct (few to no intercalated cells are found there) are capable of acid secretion (by any of the three transporters)

· The collecting duct is capable of net bicarbonate secretion

· Collecting duct able to net secrete bicarb in response to alkalosis – a distinct subset of intercalated cells (type B) are present in cortical collecting duct segments in many species – cells are capable of HCO3 secretion and are rich in CA and to contain a bl mem electrogenic proton pump

· Type B cells also contain ap Cl/HCO3 exchanger

